Mutations leading to expansion of a poly-glutamine track in Huntingtin (Htt) cause Huntington's disease (HD). Signs of endoplasmic reticulum (ER) stress have been recently reported in animal models of HD, associated with the activation of the unfolded protein response (UPR). Here we have investigated the functional contribution of ER stress to HD by targeting the expression of two main UPR transcription factors, XBP1 and ATF4 (activating transcription factor 4), in full-length mutant Huntingtin (mHtt) transgenic mice. XBP1-deficient mice were more resistant to developing disease features, associated with improved neuronal survival and motor performance, and a drastic decrease in mHtt levels. The protective effects of XBP1 deficiency were associated with enhanced macroautophagy in both cellular and animal models of HD. In contrast, ATF4 deficiency did not alter mHtt levels. Although, XBP1 mRNA splicing was observed in the striatum of HD transgenic brains, no changes in the levels of classical ER stress markers were detected in symptomatic animals. At the mechanistic level, we observed that XBP1 deficiency led to augmented expression of Forkhead box O1 (FoxO1), a key transcription factor regulating autophagy in neurons. In agreement with this finding, ectopic expression of FoxO1 enhanced autophagy and mHtt clearance in vitro. Our results provide strong evidence supporting an involvement of XBP1 in HD pathogenesis probably due to an ER stress-independent mechanism involving the control of FoxO1 and autophagy levels.
INTRODUCTION
The accumulation of misfolded proteins in the brain is linked to the occurrence of several neurodegenerative disorders, including Alzheimer's, Parkinson's, Huntington's disease (HD), amyotrophic lateral sclerosis (ALS) and prion-related disorders (1) . HD is an autosomal dominant neurodegenerative disease characterized by motor abnormalities, and onset of psychiatric symptoms and dementia in early-to mid-adult life. A glutamine expansion of approximately more than 40 repeats within the Huntingtin (Htt) protein confers a dominant gain of toxic function, leading to progressive accumulation of misfolded mutant Htt (mHtt) in the form of intracellular oligomers and inclusions, and to neuronal loss in the striatum (reviewed in 2 -4). HD represents one of a growing number of polyglutamine (polyQ) repeat diseases that cause * To whom correspondence should be addressed at: Institute of Biomedical Sciences, University of Chile, Independencia 1027, Santiago, PO Box 70086, Chile. Tel: +56 29786506; Email: chetz@med.uchile.cl and Department of Immunology and Infectious Diseases, FXB Building, Room 205, 651 Huntington Avenue, Boston, MA 02115, USA. Email: chetz@hsph.harvard.edu. Website: http://ecb-icbm.med.uchile.cl/Index.html. region-specific neuronal degeneration, including spinobulbar muscular atrophy, spinocerebellar ataxias, Machado -Joseph disease and many other diseases (5) .
Although the mechanisms through which mHtt expression is deleterious to neuronal function are still highly controversial, recent data in cellular and animal models of HD suggest a direct correlation between disease progression and the occurrence of endoplasmic reticulum (ER) stress (reviewed in 3). ER stress is triggered by a number of conditions that interfere with oxidative protein-folding process in the ER, leading to the accumulation of abnormally folded proteins (6) . ER stress engages the unfolded protein response (UPR), an integrated signal transduction pathway that increases the protein-folding capacity and quality control of the ER to reduce the unfolded protein load, or to trigger apoptosis to eliminate irreversibly damaged cells (7, 8) . The UPR is initiated by the activation of three specialized stress sensors, including IRE1a (inositolrequiring transmembrane kinase/endonuclease), PERK (PKR-like ER kinase) and ATF6 (activating transcription factor 6) (9). IRE1a is a Ser/Thr protein kinase and endoribonuclease that, upon activation, controls the processing of the mRNA encoding the transcriptional factor X-Box-binding protein 1 (XBP1). This event splices out a fragment of 26 nucleotides, changing the reading frame of XBP1 to encode a potent transcription factor (termed XBP1s) (10, 11) . XBP1s upregulates genes related to protein folding, quality control, ER translocation, ER-mediated degradation (ERAD), among other processes (12, 13) . Activated PERK inhibits protein translation into the ER through the inactivation of the initiation factor eIF2a, decreasing the overload of misfolded proteins (14) . Phosphorylation of eIF2a also allows the expression of ATF4 (activating transcription factor 4), a transcription factor that upregulates UPR genes that function in amino acid and redox metabolism, folding, autophagy and apoptosis (15) (16) (17) .
Increased expression of downstream UPR effectors including BiP, CHOP and HERP was reported at the mRNA level in human post-mortem HD samples (18) . Similarly, some signs of ER stress were observed in two HD mouse models even at early stages of the disease (18, 19) . Small molecules that target the ER foldase PDI were recently shown to prevent the neurotoxicity of mHtt fragments in vitro (20) . In addition, altered ER calcium homeostasis was reported in HD mouse models (21) . Attempts to understand the function of wild-type Htt demonstrated that the inhibition of its expression drastically alters the structure of the ER network and trafficking (22) , suggesting that its normal biologic function is related to this organelle. Early cellular studies demonstrated that expression of mHtt or expanded polyQ peptides leads to ER stress-mediated apoptosis in cellular models of HD (23) (24) (25) (26) (27) (28) (29) , whereas a recent report did not detect the engagement of ER stress in cells expressing mHtt (30) . At the mechanistic level, the occurrence of ER stress may be related to the impairment of ERAD, leading to the accumulation of misfolded proteins inside the ER (24, 30, 31) . Remarkably, another report suggests that processing of ATF6a is impaired in both animal models and in post-mortem tissue from HD patients (32) , which may reduce the ability of neurons to adapt to ER stress. Activation of the PERK/eIF2a UPR branch triggers the degradation of polyQ peptides by macroautophagy (here referred to as autophagy) in vitro (27) , a protein degradation pathway suggested relevant for clearance of HD-linked aggregates through lysosome-mediated degradation (33) (34) (35) (36) . Htt has a membrane association domain capable of partially targeting the protein to the ER and late endosomes as well as autophagic vesicles (37) (38) (39) . We reported that autophagy activity is partially impaired in mHtt-expressing neurons in part due to a failure of autophagosomes (APG) to recognize their cargos (39) , which may lead to general alterations in protein homeostasis. Although disease progression and mHtt aggregation correlate with the engagement of ER stress responses, the actual characterization of UPR signaling in HD in vivo is still incomplete, and the role of the pathway in the disease process has not been addressed directly.
Here we demonstrate that silencing XBP1 expression in the full-length mHtt transgenic mouse strain YAC128 reduces neuronal loss in the striatum and improves motor performance. Cellular studies indicate that these protective effects are related to a strong decrease in mHtt accumulation due to enhanced autophagy. Similar effects on mHtt levels were recapitulated in a knock-in mouse model of HD. Unexpectedly, ATF4 deficiency did not alter mHtt levels, and HD progression was not associated with a global ER stress response. At the mechanistic level, we found an upregulation of the transcription factor Forkhead box O1 (FoxO1) in XBP1-deficient cells, which may contribute to autophagy-mediated clearance of mHtt. Our results reveal an unexpected role of XBP1 in controlling a dynamic crosstalk with the FoxO1 and the autophagy pathway to modulate HD pathogenesis.
RESULTS

XBP1 deficiency protects against HD pathogenesis in the YAC128 mouse model
To establish the contribution of XBP1 to HD in vivo, we generated an XBP1 conditional knockout model where xbp1 was deleted in the nervous system, using the Nestin-Cre system (XBP1 Nes2/2 ) on a C57BL/6 genetic background (40) . We cross-bred this strain with the YAC128 HD mouse model on a heterozygous background (XBP1 Nes2/2 -mHtt Q128 ) to resemble the genetic alterations observed in humans. This transgenic HD model expresses the entire human Htt gene with 128 CAG repeats, spanning the entire genomic region of the human HD gene, including promoter, intronic, upstream and downstream regulatory elements (41) . The disease progression of this HD mouse model is associated with a slow Htt aggregation process, accompanied by striatal neuron loss and motor impairment (41) .
To determine the impact of XBP1 deficiency on neuronal survival, we first monitored the levels of the dopamine-related protein DARPP32 in protein extracts of the dissected striatum. For all biochemical and histologic analysis, littermate controls were employed. As previously reported (42) , mHtt transgenic mice presented a decrease of DARPP32 expression, which was partially attenuated in XBP1 Nes2/2 -mHtt Q128 mice at 6 months of age ( Fig. 1A  and B) . We also examined the rate of neuronal survival in YAC128 animals, using electron microscopy (EM) and morphologic analysis in an area of the striatum near the ventricle (Supplementary Material, Fig. S1 ). This particular region
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Human Molecular Genetics, 2012, Vol. 21, No. 10 showed significant neuronal loss at 6 months of age when compared with the rest of the striatum that was not significantly affected ( Fig. 1C ; data not shown). In contrast, XBP1 Nes2/2 -mHtt Q128 animals were markedly protected against neuronal loss, with increased neurons with normal shape when compared with XBP1 WT -mHtt Q128 animals. In addition, the percentage of neuronal apoptosis was drastically decreased in XBP1 Nes2/2 -mHtt Q128 when compared with control mHtt Q128 mice as measured by the presence of classical apoptosis features, including nuclear condensation, fragmentation and cell shrinkage (Fig. 1D , and Supplementary Material, Fig. S1 ).
To assess the impact of XBP1 on neuronal function, we then monitored the motor performance of YAC128 mice in control or XBP1 Nes2/2 mice, using a previously described protocol validated in the YAC128 model (43) . XBP1 deficiency led to a significant improvement in motor performance of mHtt transgenic mice ( Material, Fig. S2B ), in addition to monitor Cre expression in neurons in the striatum, using the ROSA26 system (44) (data not shown).
Reduced mHtt levels in the striatum of XBP1 Nes2/2 HD transgenic mice, but not ATF4-deficient animals Analysis of early symptomatic mice (6-month-old animals) revealed that XBP1 deficiency resulted in a marked decrease in total full-length Htt levels in the striatum as monitored by western blot analysis ( Fig. 2A) . Remarkably, heterozygous YAC128 mice displayed a 1.6-fold increase in Htt levels that was reversed in XBP1 Nes2/2 -mHtt Q128 mice ( Fig. 2A ). This phenotype was observed in both male and female mice (Supplementary Material, Fig. S3 ). To test whether or not XBP1 deficiency specifically altered the levels of mHtt, we used an antibody that recognizes a different region of human Htt that resolves both mutant and wild-type Htt on western blots (clone mAb2166) (45) (Fig. 2B ). In agreement with our previous observations, a significant decrease in mHtt levels was observed in XBP1 Nes2/2 -mHtt Q128 mice when compared with control transgenic mice (Fig. 2B ). We confirmed this result using an antibody that only recognizes mHtt (anti-polyQ clone 3B5H10; data not shown). As a complementary readout, we monitored the mRNA levels of the human mHtt transgene, using real-time PCR. Surprisingly, no significant differences were observed in the mRNA levels between XBP1 Nes2/2 -mHtt Q128 and XBP1 WT -mHtt Q128 mice in striatum brain samples (Fig. 2C) . As additional control, we sequenced the poly-glutamine region of the mHtt transgene Figure 2 . XBP1 deficiency in the nervous system decreases mHtt levels in the YAC128 HD model. (A) Levels of Huntingtin (Htt) were measured in the striatum of 6-month-old mice by western blot analysis using the anti-Htt clone mEM48 antibody. XBP1
WT animals were analyzed as control. Hsp90 was monitored as loading control. Htt levels were quantified in striatum extracts from XBP1 WT Table S1A ). Taken together, these results suggest that XBP1 deficiency leads to a reduction in mHtt expression at the post-translational level and does not affect the stability of the expanded CAG region.
To determine the possible impact of other UPR branches to HD severity, we also generated mHtt transgenic mice deficient for the transcription factor ATF4. Analysis of 1-year-old mice revealed no effects on mHtt levels in ATF4 2/2 -mHtt Q128 mice when compared with control ATF4
WT -mHtt Q128 animals, using the 3B5H10 antibody (Fig. 2D) . Similar results were observed when two additional anti-Htt antibodies (clone mEM48 and clone mAb2166) were employed (data not shown), indicating that the effects of XBP1 on mHtt levels are specific for the IRE1a branch of the UPR. Thus, despite our initial prediction that ablation of xbp1 and atf4 expression would accelerate neuronal dysfunction and disease severity, we observed significant protection against HD pathogenesis only in XBP1 Nes2/2 animals associated with a drastic reduction in mHtt levels, and improved motor performance and neuronal viability.
Ablation of XBP1 in the nervous system decreases mHtt levels in a knock-in model of HD Our previous results suggest that targeting XBP1 decreases the levels of mHtt overexpression in the YAC128 mice, correlating with enhanced neuronal survival and improved motor performance. To test the possible impact of XBP1 deficiency on the levels of mHtt under conditions that do not involve overexpression, we bred XBP1 Nes2/2 mice with a heterozygous knock-in mouse model of HD expressing mHtt with 111 glutamines (Hdh Q111/Q7 ) (46) . This model develops slow progressive histopathology with the accumulation of mHtt inclusions and insoluble aggregates only at 10-15 months of age, without significant changes in motor function or neuronal viability (46) . Analysis of Htt expression levels using the mAb2166 antibody in 6-month-old mice revealed a decrease of 20% in Htt total levels (Fig. 3A) . Quantification of mHtt levels indicated an average decrease of 40% in XBP1 Nes2/2 -Hdh Q111/Q7 when compared with control Hdh Q111/Q7 animals ( Fig. 3B ). Virtually identical results were obtained when mHtt expression was quantified using an anti-polyQ antibody (Fig. 3C ). As control, we also monitored the stability of the CAG repeat sequence and did not observe significant differences between control Hdh Q111/Q7 and XBP1 Nes2/2 -Hdh Q111/Q7 animals (Supplementary Material, Table S1B ). Finally, to further test the specificity of the XBP1 branch on controlling the expression of mHtt, we also generated ATF4 2/2 -Hdh Q111/Q7 animals. Our results indicate no changes in mHtt levels in ATF4-deficient animals ( Fig. 3D ), confirming our results in the YAC128 model. Thus, using two independent HD animal models, we observed decreased expression of mHtt upon the deletion of xbp1 in the nervous system.
Silencing XBP1 decreases the accumulation of mHtt aggregates
To define the mechanism underlying the decrease in mHtt protein levels by XBP1 deficiency in vivo, we performed cellular studies on several models of HD. Using lentiviruses, we introduced small hairpin RNA (shRNA) sequences to reduce the expression of IRE1a (shIRE1a) and XBP1 (shXBP1) in two neuronal cell lines, NSC34 and Neuro2a (Supplementary Material, Fig. S4A and B; data not shown). We monitored the aggregation of a peptide of 79 polyQs and a control sequence of 11 glutamines as EGFP-fusion proteins, here termed polyQ 79 -EGFP and polyQ 11 -EGFP, respectively. We transiently expressed these constructs and examined the accumulation of intracellular polyQ 79 -EGFP inclusions by fluorescent microscopy. Surprisingly, reduced generation of intracellular polyQ 79 -EGFP inclusions was observed in XBP1 and IRE1a knockdown NSC34 cells (Fig. 4A ). To complement these observations, we monitored the accumulation of monomeric, high molecular weight and detergent-insoluble polyQ 79 -EGFP species in these cells by western blot analysis in 4 -12% gradient gels. A drastic reduction in the aggregation of pathologic polyQ 79 -EGFP peptides was observed in shXBP1 and shIRE1a cells (Fig. 4B ). In addition, a slight reduction of the monomeric polyQ 79 -EGFP was observed. Conversely, we also investigated the effects of XBP1s overexpression, the active form of the transcription factor, in polyQ 79 -EGFP aggregation. After co-transfection of an XBP1s expression vector with polyQ 79 -EGFP constructs, we detected increased generation of intracellular inclusions in NSC34 cells (Fig. 4C) .
We also corroborated our results in Neuro2a cells after knocking down XBP1. Similar to the results obtained in NSC34 cells, silencing XBP1 in Neuro2a cells also decreased the accumulation of polyQ 79 -EGFP intracellular inclusions (Supplementary Material, Fig. S4C ) and levels of protein aggregation (Fig. 4D) . Finally, to increase the relevance of these findings to HD, we monitored the aggregation levels of a 171 amino acid N-terminal Htt fragment containing an 85 glutamine expansion fused with GFP (GFP-mHtt Q85 ) construct in shXBP1 cells, using western blot analysis. A 60% reduction in the accumulation of high molecular weight GFP-mHtt Q85 species was observed in shXBP1 cells (Fig. 4E ), reinforcing the observations obtained by polyQ 79 -EGFP expression. A slight decrease in the monomeric form of GFP-mHtt Q85 was also observed in the analysis. Taken together, these results demonstrate an unexpected role of the IRE1a/XBP1 branch of the UPR in controlling mHtt levels.
Control of mHtt aggregation by XBP1 expression requires the Htt membrane localization signal
The association of Htt to the ER membrane is mediated by the first 18 amino acids, and this association is affected by ER stress (37, 38) . Mutations in this region lead to the reduction of mHtt aggregation (38) . In order to test the potential role of N-terminal membrane-targeting sequence of Htt on the functional effects of XBP1 silencing, we used a previously described Htt construct that includes the region 1 -588 amino acids, containing an expansion of 138 glutamines, fused with monomeric RFP (mHtt Q138 -mRFP) and compared it with a deletion mutant of amino acids 5 -13 (mHtt Q138 D5 -13-mRFP). As previously described, expression of mHtt Q138 -mRFP leads to cytosolic distribution, partially Human Molecular Genetics, 2012, Vol. 21, No. 10 2249 co-localizing with the ER marker cytochrome b5-GFP (Fig. 4F ). mHtt Q138 -mRFP aggregation was reduced by knocking down XBP1 (Fig. 4G ). As predicted, the generation of mHtt intracellular inclusions was partially reduced by mutations in its N-terminal region when expressed in control cells (Fig. 4F ). Interestingly, the basal level of mHtt Q138 D5-13-mRFP aggregation was similar in both shCTR and shXBP1 cells, suggesting that the mHtt membrane localization signal is involved in the protective effects of XBP1 deficiency.
Autophagy-mediated degradation of abnormal polyQ tracks in XBP1-deficient neurons
Diminished mHtt aggregation in XBP1 knockdown cells might be explained by the upregulation of protein degradation pathways involved in polyQ clearance. Both the proteasome and macroautophagy (34, 47) have been shown to mediate mHtt degradation in cellular and animal models of HD (34, 35) . XBP1 down-regulation also enhances autophagy (48, 49) . To define the contribution of protein degradation ). Levels of Huntingtin (Htt) and mHtt were measured in the striatum of 6-month-old mice by western blot analysis using the anti-Htt clone 1HU-4C8 antibody (left panel). XBP1
WT animals were analyzed as control. Hsp90 was monitored as loading control. Total Htt levels were quantified in striatum extracts from XBP1 WT 
The band corresponding to mHtt levels was quantified from experiments presented in (A) to calculate the relative levels normalized with the expression of Hdh Q111/Q7 control mice. (C) In parallel, mHtt relative levels were determined using anti-polyQ clone 3B5H10 antibody, and relative mHtt levels were quantified (left panel). Mean and SEM are presented.
2/2 mice were bred with a knock-in heterozygous HD mouse model (Hdh
). Levels of Htt and mHtt were measured in the striatum of 6-month-old mice by western blot analysis using the anti-polyQ clone 3B5H10 antibody. Mean and SEM are presented of the analysis of ATF4
(n ¼ 5). In all panels, statistical analysis was performed with Student's t-test. #P ¼ 0.07, &P ¼ 0.06.
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Human Molecular Genetics, 2012, Vol. 21, No. 10 (47, 50) , thereby inhibiting autophagy. Blocking PI3-kinases resulted in more polyQ 79 -EGFP aggregation than proteasome inhibition, with a marked recovery of pathogenic polyQ aggregation in knockdown cells (Fig. 5A and C) . Similarly, augmented accumulation of polyQ 79 -EGFP intracellular inclusions was observed after the treatment of shXBP1 cells with 3-MA (Fig. 5B) , whereas proteasome inhibition led only to a slight accumulation of polyQ 79 -EGFP aggregates in control cells.
APG fuse with lysosomes to form autophagolysosomes (APGL) in which their content is degraded (34, 47) , and increased lysosomal biogenesis has been recently linked to autophagy induction (51) . To study the possible role of lysosomal compartments in the degradation of polyQ 79 -EGFP, we first analyzed the content of lysosomes in polyQ 79 Fig. 5D and Supplementary Material, Fig. S5 ). In agreement with reduced levels of polyQ 79 -EGFP aggregates in shXBP1 cells, increased basal levels of autophagy were observed by monitoring the accumulation of LC3-EGFP-positive dots, which was inhibited by treating cells with 3-MA (Fig. 5E) . Similarly, enhanced induction of autophagy was observed by monitoring LC3-II flux by western blot after inhibiting lysosomal activity with a cocktail of 200 nM bafilomycin A 1 , 10 mg/ml pepstatin and 10 mg/ml E64d ( Fig. 5F and G) .
As control, we also knocked down ATF4 in Neuro2a cells, using an shRNA construct (Supplementary Material, Fig. S4D ). Targeting ATF4 did not affect autophagy levels or polyQ 79 -EGFP aggregation (Supplementary Material, Fig. S4E and F) , consistent with our in vivo experiments in the YAC128 mouse model. Taken together, these results indicate that ablating XBP1 expression specifically induces autophagy, enhancing the degradation of pathologic polyQ peptides and mHtt.
Enhanced autophagy-mediated degradation of mHtt in the brain of XBP1 Nes2/2 mice Based on our cellular studies, we monitored the levels of autophagy in XBP1 Nes2/2 -mHtt Q128 animals. This issue is particularly challenging due to the fact that autophagy flux assays are not available for in vivo testing in the nervous system. Through EM ultrastructural analysis of the striatum of 6-month-old mice, we observed an enhanced accumulation of APG, characterized by double-membrane vesicular structures, in addition to the accumulation of multivesicular vacuoles (Fig. 6A) . In this ultrastructural analysis, we also noticed the presence of dilated ER in mHtt Q128 mice, a phenomena reverted in XBP1 Nes2/2 -mHtt Q128 animals (Fig. 6B) . Dilatation of the ER lumen has been described as a pathologic event in other diseases such as ALS (52) . To test whether or not mHtt is delivered to APG in vivo in XBP1 Nes2/2 -mHtt Q128 mice, we performed subcellular fractionation experiments. We purified from the brain of 6-month-old mHtt Q128 mice fractions enriched in cytosol, ER, APG fraction and APGL fraction. Remarkably, an enhanced accumulation of full-length mHtt was observed in the APG fractions purified from the brain of XBP1 Nes2/2 -mHtt Q128 when compared with control YAC128 transgenic brain samples (Fig. 6C and D) . Of note, levels of Htt in APG and APGL fractions of XBP1
WT -mHtt Q128 and nontransgenic wild-type mice were similar (Fig. 6C and D) . In the APGL fraction from XBP1 Nes2/2 -mHtt Q128 , Htt levels were reduced compared with APG, suggesting active flux through the pathway leading to mHtt degradation in the lysosome (Fig. 6C and D) . We also observed an increase in the levels of LC3-II in APG and APGL fractions from XBP1 Nes2/2 -mHtt Q128 compared with the mHtt Q128 control mice fractions (Fig. 6E) . The weak signal of LC3-II in these autophagic vesicle-enriched fractions is due to the high tendency to undergo degradation after purification (data not shown).
To define whether or not mHtt is associated with the internal lumen of the APG or with the external APG membrane, we performed immunogold staining for mHtt and EM studies, using an antibody that recognizes mHtt only but not the wildtype mouse form. Consistent with increased autophagy levels in XBP1
Nes2/2 -mHtt Q128 mice, co-localization of mHtt with the lumen of autophagosomal structures was observed in symptomatic mice (Fig. 6F, panels 1 and 2 ). In addition, we observed a co-localization of mHtt with or close to other organelle membranes (Fig. 6F, panel 3) . Thus, our results indicate that mHtt is present in autophagy-related compartments in vivo in an HD mouse model, a process enhanced by silencing XBP1 expression in the nervous system.
XBP1 deficiency triggers enhanced FoxO1 expression
Based on the observation that ATF4 deficiency did not alter mHtt levels, and that targeting XBP1 led to improvement rather than worsening of disease phenotypes as predicted, we examined the levels of UPR target genes in mHtt transgenic mice. Analysis of XBP1 mRNA splicing with two independent assays revealed the activation of the pathway in the striatum of mHtt mice (Fig. 7A and Supplementary Material,  Fig. S6A ). In addition, XBP1 mRNA splicing was augmented in the mHtt striatum as revealed by processing of the truncated mRNA generated by the delete xbp1 allele (Fig. 7A) , which may represent a feedback loop that hyperactivates IRE1a as previously described in other tissues (53, 54) . Unexpectedly, analysis of classical ER stress markers including bip, chop, wfs1, erp57 and pdi by real-time PCR did not reveal any changes in their mRNA levels in the striatum of mHtt mice, on either an xbp1 wild-type or knockout background (Fig. 7B) . Similarly, western blot analysis of ATF4, CHOP, BiP, ERp72, Erp72 and PDI expression did not reveal any changes in their expression in the striatum of mHtt mice (Supplementary Material, Fig. S6B ). Thus, these results suggest that although the IRE1a/XBP1 pathway is engaged in the YAC128 HD model, the disease is not associated with a classical ER stress response. This observation is consistent with accumulating evidence suggesting ER stress-independent functions of XBP1 and other UPR components (reviewed in 55).
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Human Molecular Genetics, 2012, Vol. 21, No. 10 Human Molecular Genetics, 2012, Vol. 21, No. 10 2253 Figure 6 . Loss of XBP1 targets mHtt to the autophagy pathway. (A) The accumulation of APG-like structures was visualized by EM in neurons of the striatum of XBP1 Nes2/2 -mHtt Q128 mice at 6 months of age. Scale bars, 230 nm (a1) and 600 nm (a2). Images represent the analysis of three independent animals. Neurons were identified by their morphology at low magnification. (B) ER structure was visualized by EM in neurons of the striatum of mice at 6 months of age. Scale bar, 300 nm. Left panel: ER dilatation was quantified from XBP1 WT 
WT -mHtt Q128 (n ¼ 3) and XBP1 Nes2/2 -mHtt Q128 (n ¼ 3) mice as described in Materials and Methods. Mean and SEM are presented. As an example, the perimeter of the ER was marked with a black line with a gray area. * P,0.05 calculated with Student's t-test. (C) Brain extracts from indicated animals were subjected to subcellular fractionation to purify fractions enriched in different organelles including autophagosomes (APG), autophagolysosomes (APGL), ER and cytosol (cyt). (D) Quantification of Htt levels in the autophagic compartments relative to XBP1
WT is shown (XBP1 WT -mHtt Q128 , n ¼ 3; XBP1 Nes2/2 -mHtt Q128 , n ¼ 3) using the anti-Htt clone 1HU-4C8 antibody. Mean and SEM are presented. (E) Biochemical characterization of the fractions isolated in (C). Immunoblot for the indicated marker proteins to verify the purity of the fractions was performed for the homogenate (H), cytosol (cyt), autophagosomes (APG), autophagolysosomes (APGL) and endoplasmic reticulum (ER) isolated from cortex and midbrain. (F) Immunogold staining and EM analysis of the brain striatum, using an anti-expanded polyQ antibody (clone 3B5H10) was performed in tissue derived from XBP1 Nes2/2 -mHtt Q128 mice. (f1) Co-localization with ER membrane. Scale bar, 500 nm. (f2) A double-membrane APGcontaining positive immunogold staining in its lumen. Scale bar, 300 nm. (f3) An example of co-localization of immunogold staining and Golgi apparatus membrane is shown. Scale bar, 500 nm. Data represent the analysis of three independent animals. Arrows indicate immunogold staining. N, nucleus; GA, Golgi apparatus; ER, endoplasmic reticulum.
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We hence explored ER stress-independent pathways that might explain the neuroprotective effects of XBP1 deficiency by augmented autophagy. A recent report indicates that XBP1s physically interacts with the transcription factor FoxO1, leading to its degradation by the proteasome (56) . Since FOXO1 is a central regulator of autophagy in different cell types (57-59), including neurons (60), we hypothesized that the ablation of XBP1 expression in the nervous system may lead to an increase in FoxO1 levels. In agreement with this prediction, analysis of FoxO1 protein levels in the striatum of XBP1 Nes2/2 mice revealed a significant increase in the protein levels (Fig. 7C) . Consistent with this result, enhanced expression and nuclear translocation of FoxO1 was observed in XBP1 Nes2/2 and XBP1 Nes2/2 -mHtt Q128 mice compared with their respective littermate control animals after co-staining with NeuN by immunofluorescence followed by confocal microscopy analysis (Fig. 7D) . In contrast, no changes in the mRNA levels of foxo1 were observed in the same brain samples (Fig. 7E) . Remarkably, no changes in FoxO1 levels were observed in ATF4-deficient animals when compared with littermate control mice (Supplementary Material, Fig. S7 ), indicating that XBP1 specifically regulates FoxO1 expression in the nervous system.
We then investigated the role of FoxO1 on the effects of XBP1 on a cellular model of HD. Knocking down XBP1 in Neuro2a cells resulted in a 30% increase in FoxO1 levels (Fig. 7F) . Moreover, induction of ER stress after tunicamycin (Tm) treatment led to the expression of XBP1s, which negatively correlated with FoxO1 levels. Likewise, co-expression of XBP1s with an HA tag version of FoxO1 in 293T cells reduced FoxO1 expression levels (Fig. 7G) . To address the possible impact of FoxO1 on mHtt levels, we co-transfected expression vectors for FoxO1 and mHtt Q138 -mRFP in Neuro2a cells. Decreased accumulation of mHtt Q138 -mRFP inclusions was observed in FoxO1 overexpressing cells (Fig. 7H ). In agreement with this result and previous findings (57) (58) (59) , expression of FoxO1 in this cellular model enhanced autophagy activity as monitored using an LC3 flux assay by western blot analysis (Fig. 7I) . Together, these data suggest that XBP1 deficiency triggers FoxO1 upregulation, which may contribute to the induction of autophagy and mHtt degradation.
XBP1s and LC3-II levels in the striatum of HD patients
To evaluate the levels of ER stress in the brain of HD patients, we monitored the expression of classical ER stress markers in post-mortem striatum samples from four HD patients and four age-matched healthy control subjects. We confirmed the HD genotype of the patients by PCR (Supplementary Material, Table S2 ). In two HD cases, there was a detectable expression of XBP1s in the striatum that inversely correlated with LC3-II levels ( Fig. 8A and B) . These changes were not observed in cortex and cerebellum samples from the same individuals analyzed (data not shown). Similar to the results obtained in the YAC128 model, no clear signs of a general ER stress response were observed in HD-derived tissue as indicated by the absence of alterations in ATF4, CHOP or BiP expression levels (Fig. 8A) . As positive control, cells treated with Tm are also shown.
DISCUSSION
Most neurodegenerative diseases are characterized by the accumulation of abnormally folded proteins in the brain in the form of soluble oligomers and large protein inclusions, associated with impaired neuronal functions. Although the signaling pathways underlying neurodegeneration in protein misfolding disorders are not well understood, correlative evidence indicates that the occurrence of ER stress is a common cellular response in multiple neurodegenerative diseases (reviewed in 1). However, most of the studies linking ER stress to HD are correlative (3) . To address the possible contribution of the UPR in mHtt pathogenesis in vivo, we silenced the expression of two main UPR transcription factors in the setting of an HD rodent model that expresses full-length mHtt as a transgene. Despite our initial prediction that XBP1 and ATF4 serve as protective factors in HD by controlling protein quality control and folding, we found the opposite result where targeting XBP1 improved motor performance and neuronal survival in an HD mouse model. These protective effects were associated with enhanced autophagy and diminished levels of mHtt as demonstrated in cellular and animal models of HD. In sharp contrast, ATF4 deficiency did not affect Htt levels in vivo. This is the first time the contribution of these two key UPR transcription factors has been assessed side by side in the same disease under similar experimental paradigms. Surprisingly, although we were able to detect the induction of XBP1 mRNA splicing in the YAC128 mouse model and human brain samples from HD patients, no signs of a general ER stress response were observed on a total striatum extract. However, we cannot exclude the possibility that ER stress occurs transiently and in a non-synchronic manner in HD, making its detection difficult using biochemical approaches. Further more, physiologic levels of UPR activation in vivo are very low and some times could lead, for example, to ,5% XBP1 mRNA splicing (8, 55) . Interestingly, a recent study reported that the expression of full-length or truncated versions of mHtt does not trigger an evident ER stress response, but they actually alter the physiology of the ER (30) . This observation may be in line with accumulating evidence suggesting that the IRE1a-XBP1 signaling branch can be activated under many conditions that are not directly related to protein misfolding, consistent with new functions of UPR signaling components/modules in organ physiology (8, 55) . Indeed, XBP1 has been implicated in the control of innate immunity (61), lipid and cholesterol metabolism (54), insulin resistance (62), cell differentiation (13, 63, 64) and other processes (65) . In agreement with our observations, a recent study suggested that IRE1a signaling might repress autophagy, enhancing mHtt aggregation. Most of the experiments in this study were performed in vitro, using overexpression in cell lines (66) . Interestingly, the authors provided correlative evidence indicating that reducing IRE1a levels in a fly model of HD protects against eye degeneration. However, the mechanism of protection in this in vivo model was not investigated (66) .
We explored possible mechanisms underlying the protective effects of XBP1 deficiency on HD pathogenesis. A recent report indicates a negative regulation of FoxO1 by XBP1s at the posttranslational level in pancreatic b cells (56) , XBP1 Nes2/2 -mHtt Q128 , XBP1
WT and XBP1 Nes2/2 animals at 6 months of age. Co-staining with NeuN (red) and DAPI (blue) stain nucleus was performed. Images were visualized with a confocal microscope and represent the analysis of three animals per group. Scale bar, 50 mm. (E) The mRNA level of foxO1 was analyzed by real-time PCR in total cDNA obtained from the brain striatum of XBP1 Nes2/2 or littermate control mice. All samples were normalized to b-actin levels. Average and SEM of the analysis of three animals per group are shown. (F) Neuro2A cells were stably transduced with lentiviral vectors expressing shRNA against XBP1 or control luciferase mRNA (shXBP1 and shCTR, respectively). FoxO1 and XBP1s levels were monitored after treatment with Tm (5 mg/ml, Tm) for 8 h, using western blot analysis. Levels of Hsp90 were used as loading control. Quantification is presented at the bottom of the gel as fold change. (G) HEK cells were transiently transfected with expression vectors for HA-FoxO1 and different concentrations of XBP1s or empty vector (pCDNA.3). FoxO1 and XBP1s levels were analyzed by western blot. The asterisk indicates unspecific band used as loading control. (H) Neuro2A cells were co-transfect with expression vector for mHtt Q138 -mRFP with HA-FoxO1 or empty vector, and after 48 h, the number of RFP-positive cells containing mHtt inclusions was quantified. Mean and SEM are presented. * * P , 0.01, calculated with Student's t-test. (I) Neuro2A cells were transiently transfected with an HA-FoxO1 expression vector or empty vector, and then treated for the indicated times with a cocktail of lysosomal inhibitors (200 nM bafilomycin A 1 , 10 mg/ml pepstatin and 10 mg/ml E64d). LC3-II flux was then monitored by western blot analysis and normalized with the loading control and as a fold change to the untreated control cells (quantification at the bottom).
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is proposed to regulate FoxO1 levels independent of its transcriptional activity, due to targeting of FoxO1 to proteasomemediated degradation (56) . Since FoxO1 is a key regulator of autophagy in neurons due transcriptional regulation of autophagy-related genes (60), we monitored its levels in our experimental system. Ablation of XBP1 expression led to a significant upregulation of FoxO1 in the striatum. In vitro experiments demonstrated that ER stress and XBP1s negatively regulate FoxO1 levels in neuronal cells, consistent with previous findings. Moreover, expression of FoxO1 decreased the levels of mHtt and enhanced autophagy in neuronal cell lines. Based on a large body of literature, we speculate that in addition to controlling autophagy, FoxO1 upregulation may have other broad beneficial effects contributing to neuroprotection in XBP1-deficient animals related to mitochondrial metabolism and oxidative stress (reviewed in 58,67). Importantly, FoxO transcription factors have key roles in promoting longevity (58, 68) , and a direct epistatic relationship between the FOXO homolog in Caenorhabditis elegans and XBP1 through the insulin/IGF-1 pathway has been recently reported in aging models (69) . A very recent report investigated the impact of insulin/IGF-1 signaling in HD, using the R6/2 mouse model (70) . Genetic manipulation of the pathway improved motor performance and prolonged life span in this HD model. The protective effects described in this study were explained by the upregulation of FoxO1-dependent autophagy associated with reduced accumulation of mHtt aggregates in the brain (70) . Together with our current study, these findings suggest a complex scenario where dynamic cross-talk between UPR and aging/stress pathways acts to maintain protein homeostasis in the nervous system. We have reported that XBP1 deficiency improves motor performance and survival of an ALS mouse model (49) . It remains to be determined whether a similar mechanism involving FoxO1 also operates in ALS models. In sharp contrast, XBP1 deficiency enhanced the severity of spinal cord injury on a mouse model (71) , whereas it did not alter prion pathogenesis (40) , indicating that this pathway contributes only to certain diseases with distinct outputs. Autophagy is becoming a relevant factor in aging and diseases affecting the nervous system (72) . Increasing evidence indicates that several mutant aggregate-prone proteins, but not the corresponding wild-type forms, are efficient targets for autophagy-mediated degradation. These effects have been demonstrated for the amyloid precursor protein, Htt, the prion protein, a-synuclein, ataxin-3, SOD1 and other disease-related proteins (reviewed in 73), which are substrates for autophagy-mediated degradation. Furthermore, several studies in HD animal models suggest that pharmacologic strategies to enhance autophagy decrease mHtt levels, leading to reduced neuronal loss, and improved motor performance (35, 74) . However, accumulating evidence indicate that defects in autophagy flux or in specific autophagy regulatory processes may actually contribute to neurodegeneration in diverse diseases (75 -79) . This phenomenon has been reported in HD cellular and animal models, in addition to human HD-derived tissue as we described (39) . Impaired cargo recognition by autophagic vacuoles (AV) was observed in HD (39) . Our results suggest that XBP1 deficiency may actually bypass this pathologic effect of mHtt expression, restoring the capacity of HD neurons to engage autophagy and induce the clearance of mHtt and damaged organelles. The beneficial effect of XBP1 ablation could be in part because of direct removal of mHtt aggregates but it is more likely that continuous improved removal of the soluble forms of the protein prevents its organization into aggregates in these animals. In fact, most of the effects described here for mHtt clearance in the YAC128 and the knock-in HD models were observed during disease stages where little mHtt aggregation is observed. For example, we did not detect significant mHtt inclusions in 6-month-old heterozygous YAC128 mice (data not shown). Combinatorial strategies to repair the autophagy deficit, reduce ER stress levels and enhance protein degradation pathways may be beneficial in selectively decreasing the expression and accumulation of toxic mHtt species and damaged organelles and proteins in HD.
MATERIALS AND METHODS
Materials and plasmids
Tm, wortmannin, 3-MA and MG-132 were purchased from Calbiochem EMB Bioscience, Inc. Cell media and antibiotics were obtained from Life Technologies (MD, USA). Puromycin, pepstatin and E64D were purchased from Sigma. Fetal calf serum was obtained from Atlanta Biologicals. DAPI and Lysotracker were purchased from Molecular Probes. All transfections were performed using the Effectene reagent (Qiagen). DNA was purified with Qiagen kits. GFPQ82-1-171 Htt is an in-frame N-terminal fusion of GFP to truncated human huntingtin (Htt) comprising human exons 1-3. The fusion protein was generated using recombinant PCR, and the final 1.4 kb product was cloned into pcDNA.3.1 (gift from Paulson Henry, University of Michigan). Htt1-588(Q) 138 -D5-13-mRFP and Htt1-588(Q) 138 -mRFP vectors were provided by Ray Truant (McMaster University) (LC3-EGFP expression vectors); the rat LC3 cDNA was cloned into the BglII and EcoRI sites of the pEGFP-C1 vector (Clontech Laboratories). The XBP1s expression vector was previously described (12) . The XBP1 cDNA was obtained from NIH3T3 cells treated with Tm and cloned into the pCDNA.3 vector between the HindIII and ApaI sites. HA-FoxO1 expression vector was obtained from Addgene.
Knockdown of UPR and autophagy components
We generated stable motoneuron cell lines with reduced levels of XBP1 and IRE1a, using methods previously described (49) by targeting their respective mRNAs with shRNAs, using the lentiviral expression vector pLKO.1 and puromycin selection. As control, empty vector or an shRNA against the luciferase gene was employed. Constructs were generated by The Broad Institute (Boston, MA, USA), based on different criteria for shRNA design (see http://www.broad.mit.edu/genom e_bio/trc/rnai.html). We screened a total of five different constructs for each gene and selected the most efficient one for further studies. Targeting sequences identified for the mouse XBP1 and IRE1a, mRNA are 5 ′ -CCATTAATGAACT CATTCGTT-3 ′ , and 5 ′ -GCTCGTGAATTGATAGAGAAA 
′ -GCATCTGAGCTACCC AGATAA-3 ′ and 5 ′ -CCCTGAA ATGGCATTATCCAA-3 ′ .
Assays for mutant protein aggregation and detection of intracellular inclusions
We visualized and quantified the formation of intracellular polyQ 79 inclusions in living cells after transient transfection followed by fluorescent confocal microscopy. For automatic quantification of the percentage of cells containing PolyQ 79 aggregates, we used the ImageJ software (http://rsbweb.nih. gov/ij/). We applied the threshold tool to determinate the total GFP-positive structure in each image, which were quantified using the 'Analyze Particles' tool. Then, to visualize only cells containing high fluorescent particles, we applied a new threshold (higher) to cut off the fluorescent emission of diffusion GFP pattern (determined with the polyQ 11 control) and automatically determine the number of cells with PolyQ 79 inclusions in the same image using the 'Analyze Particles' tool. Finally, we calculated the percentage of positive inclusion cells considering the total GFP-positive structure as 100%. This method was validated by manual counting using a double-blind determination. A similar analysis was performed with the mHtt Q138 -mRFP construct. PolyQ 79 and mHtt oligomers were visualized in total cell extracts prepared in 1% Triton X-100 in PBS containing protease inhibitors, sonicated and then analyzed by western blot using 4 -12% custom pre-made gels (Lonza, USA), which leads to the accumulation of a smear of high molecular weight aggregates. For determining mHtt Q85 , 8 or 10% polyacrylamide gels were employed, which resulted in the presence of small oligomers.
EM studies and immunogold staining APG were also visualized by transmission EM and morphology examined as described in references (78, 80) . For immunogold EM staining, the conditions for labeling to detect specific signals were as we previously described using anti-polyQ (clone 3B5H10) antibody (1:200 dilution); post-embedding staining was performed by standard methods as we recently described (81) . After incubation with the first antibody, grids were washed and incubated with donkey anti-mouse IgG conjugated to 15 nm of colloidal gold (1:100, Ted Pella).
Isolation of AV from the brain
Fractions enriched in APG and APGL were isolated from mouse brains (200 mg wet tissue), using a modified protocol, originally developed for the liver (82) , and markers for each fraction collected were employed to validate purity. Briefly, brain tissue was homogenized and subjected to differential centrifugation to separate a fraction enriched in AV, lysosomes and mitochondria. After centrifugation in a metrizamide discontinuous density gradient, a fraction enriched in APG was recovered in the interphase between the 5 and 10% metrizamide density, and a second fraction enriched in APGL was recovered in the interphase between the 10 and 20% metrizamide density. Samples were extensively washed 
Quantification of autophagy
Different assays and control experiments were employed to monitor autophagy-related processes following the recommendations described in reference (78) . Lysosomes or acidic compartments were visualized after staining with 200 nM Lysotracker for 45 min at 378C and 5% CO 2 . Cells were washed three times with cold PBS, fixed for 30 min with 4% formaldehyde on ice and then maintained in PBS containing 0.4% formaldehyde for immediate visualization on a confocal microscope. Autophagy was monitored by analyzing LC3-positive dots or the levels of LC3-II by western blot and its flux through the autophagosomal/lysosomal pathway as described (49) . APG were visualized after the expression of LC3-EGFP by transient transfection of the lowest amounts of DNA tittered to obtain the best signal-to-noise ratio (one-third amount of recommended concentrations by the transfection kit). In control experiments, cells were treated with 10 mM 3-MA to inhibit autophagy. LC3 is initially synthesized as an unprocessed form, proLC3, which is converted into a proteolytically processed form lacking several amino acids from the C-terminus, LC3-I, and is then modified into the phosphatidylethanolamine-conjugated form. To monitor LC3-II dynamics, protein samples were processed in cold RIPA and immediately analyzed by western blot using 15% SDS -polyacrilamide gels. As internal control, LC3-II levels were compared with Hsp90 levels. To follow the flow of LC3I/II through the autophagy pathway, cells were treated with a mix of 200 nM bafilomycin A 1 , 10 mg/ml pepstatin and 10 mg/ml E64d.
Animal experimentation
All animal experiments were performed according to procedures approved by the Institutional Review Board's Animal Care and Use Committee of the Harvard School of Public Health (approved animal protocol 04137) and the Faculty of Medicine of the University of Chile (approved protocol CBA 0208 FMUCH). XBP1 flox/flox mice were crossed with mice expressing Cre recombinase under the control of the Nestin promoter to achieve deletion of XBP1 in the nervous system (40) (XBP1 Nes2/2 ). XBP1 flox/flox mice were backcrossed to B57BL/6 background for eight generations and then crossed with pure background Nestin-Cre transgenic mice (The Jackson Laboratory) for three more generations. We employed the full-length mHtt transgenic mice with 128 CAG repetitions, termed YAC128 (41) , as an HD model, obtained from The Jackson Laboratory. To generate experimental animals, XBP1 Nes2/2 mice were then crossed with the YAC128 model on an FVB background and every generation bred to pure background XBP1 Nes2/2 mice for four to six generations to obtain experimental animals. For proper comparison, all biochemical, histologic and behavioral analyses were performed on groups of littermates of the same breeding generation. ATF4-deficient mice were previously described on a pure B57BL/6 background (83, 84) , and the same breeding strategy described for XBP1 Nes2/2 mice was employed. We also used an Hdh Q111/ Q7 knock-in mouse model of HD as previously described (46) . In this case, breedings of ATF4 or XBP-1 Nes2/2 and the knock-in Hdh Q111/Q7 model were performed since the beginning on pure C57BL/6 genetic background.
Rotarod performance
Disease progression was monitored at least once per week, using the rotarod assay as previously reported (43) . In brief, a training period was performed, consisting of three trials per day (with 2 h in between trials) over the course of 3 consecutive days. On the fourth day (test day), the data collected were considered an accurate reflection of the animal's coordination. For each testing, mice acclimated to the room for 15 min. The settings for rotator performance were (i) maximum speed, 45 r.p.m.; (ii) time to maximum r.p.m., 120 s; (iii) time to 'no fall', 600 s; (iv) starting speed, 5 r.p.m.; (v) trials per day, 3; (vi) inter-trial interval, 2 h.
Tissue analysis
To monitor mHtt pathogenesis in vivo, animals were euthanized and tissue collected for histology at different time points depending on the analysis required. Brain tissue was processed for immunohistochemistry, using standard procedures as described (49) . Confocal microscopy was used to acquire images and then analysis was performed using the IP lab v 4.04 software (Beckon and Dickenson).
Biochemistry of brain tissue
The brain striatum was dissected and homogenized in RIPA buffer (20mM Tris, pH 8.0, 150mM NaCl, 0.1% SDS, 0.5% DOC, 0.5% Triton X-100) containing a protease inhibitor cocktail (Roche, Basel, Switzerland), by sonication. Protein concentration was determined by micro-BCA assay (Pierce, Rockford, IL, USA). The equivalent of 30-50 mg of total protein was loaded onto 4 -12, 7.5, 12 or 15% SDS-PAGE minigels (Cambrex Biosciences), depending on the analysis as described above. The following antibodies and dilutions were used: anti-DARPP32 1:1000, anti-Htt clone mEM48 1:1000, anti-Htt clone 1HU-4C8 1:1000 (Millipore); antipolyQ clone 3B5H10 1:1000 (Sigma); anti-XBP- Resource Center (Boston, MA, USA, http://www.brainbank.m clean.org/) and then processed for biochemical analysis by homogenization of equivalent amounts of tissue in PBS containing protease and phosphatase inhibitors, with further dilution in RIPA buffer.
Statistical analysis
All data are expressed as mean and SEM. Results were statistically compared using Student's t-test performed for paired groups.
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